ABSTRACT The intra-and transcellular transports of hepatic secretory and membrane proteins were studied in rats in vivo using [3H]fucose and [35S]cysteine as metabolic precursors. Incorporated radioactivity in plasma, bile, and liver subcellular fractions was measured and the labeled proteins of the Golgi complex, bile, and plasma were separated by SDS PAGE and identified by fluorography. 3H-radioactivity in Golgi fractions peaked at 10 rain postinjection (p.i.) and then declined concomitantly with the appearance of labeled glycoproteins in plasma. Maximal secretion of secretory fucoproteins from Golgi occurred between 10 and 20 min p.i. In contrast, the clearance of labeled proteins from Golgi membrane subfractions occurred past 30 min p.i., indicating that membrane proteins leave the Golgi complex at least 30 min later than the bulk of content proteins. A major 80,000-dalton form of secretory component (SC) was identified in the bile by co-precipitation with (IgA)2 by an anti-lgA antibody. An antibody (raised in rabbit) against the biliary 80,000-dalton peptide recognized two larger forms (116,000 and 94,000 dalton), presumably precursors, in Golgi membranes. A comparative study of kinetics of transport of 35S-SC and 35S-albumin showed that albumin peaked in bile at ,-,45 min p.i., whereas the SC peak occurred at 80 min p.i., suggesting that the transit time differs for plasma and membrane proteins that are delivered to the bile canaliculus.
Hepatocytes secrete proteins into two distinct extracellular compartments: the space of Disse (associated with sinusoidal capillaries), and the bile capillaries. The output of proteins secreted into the blood plasma in the spaces of Disse is considerably greater than the biliary counterpart. Hepatic proteins secreted into the bile fall into two distinct categories (21) . The first group comprises the same components that are in the blood plasma, presumably transported from blood into bile via a transcellular pathway. Albumin is the predominant species in this category (17) . The second group consists of specific components, i.e., proteins not found in the plasma. The secretory component (SC)' of polymeric IgA is the major protein in this class.
SC is a protein of special interest. It is synthesized by epithelial cells as a transmembrane protein (20) ; it is found on the basolateral domain of their plasmalemma (13) where it acts as receptor for IgA dimers (3, 26) , but it is also found in exocrine secretions, e.g., sputum (35) , milk (15) , saliva (6, 19) , and bile (22) as a soluble secretory protein (complexed Abbreviations used in this paper: p.i., postinjection; PTA, phosphotungstic acid; and SC, secretory component.
or not with IgA [23] ), presumably after being proteolytically cleaved from membranes. Available evidence suggests that the SC-(IgA)2 complex is transported across the cell from the basolateral to the luminal domain of the plasmalemma, i.e., in the case of the hepatocyte, from the sinusoidal to the biliary aspects of the cell membrane (8, 16, 38) .
SC is an interesting research topic: it is originally a membrane protein; it is apparently involved in the transcellular transport of a physiologically significant ligand, (IgA)2; and it appears to be converted into a soluble, secretory protein before or soon after reaching the luminal plasmalemma. SC appears, therefore, as a representative of a new category of proteins that are physiologically converted, within their lifetime, from integral membrane proteins to soluble secretory entities (33) . In addition, SC can be conveniently studied since it is synthesized at a higher rate than most other membrane proteins and does not seem to be involved in extensive recycling.
We have decided to investigate (a) the kinetics of intracellular transport of secretory and membrane proteins, from their sites of synthesis to the sinusoidal aspect of hepatocytes, for either secretion or incorporation into the plasmalemma; (b) the kinetics of appearance of newly synthesized proteins in the bile; and (c) the nature and origin of these biliary proteins.
With the exception of albumin, practically all plasma proteins are glycoproteins and many of them are fucosylated (2) . SC is also fucosylated and so are other biliary secretory glycoproteins. Hence, [3H] fucose can be used, in addition to radioactive amino acids, for the comparative studies mentioned above.
In this paper we report data obtained using [3H]fucose and [35S]cysteine in a study of the pathways and kinetics involved in the transport of cohorts of secretory and membrane proteins to the sinusoidal and biliary aspects of hepatocytes. We intend to use this information as background against which to study the kinetics and transport pathways of the SC from its site of synthesis to its final discharge into bile,
MATERIALS AND METHODS

Materials
Specific biochemical compounds were purchased from Sigma Chemical Co. 
Methods
IN VIVO LABELING EXPERIMENTS
120-180-g male Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA) were anesthetized with intraperitoneally injected Nembutal (Abbott Laboratories, North Chicago, IL) at 0.1 ml/100 g animal wt, and received the label by injection into the saphenous vein. At various times after label administration, the livers were removed for further processing.
SAMPLING OF BLOOD AND BILE
Blood was collected (under anesthesia) from the tail vein and allowed to clot. The serum was separated from the clot by low speed centrifugation. Bile was collected (under anesthesia) via a canula (PE-50 tubing, Clay Adams, Parsippany, N J) inserted into the common bile duct.
LIVER HOMOGENIZATION AND CELL
FRACTIONATION
Livers were removed from anesthetized rats, placed in ice-cold 0.25 M sucrose, and minced. The mince was washed free of blood and then homogenized with a motor-driven Teflon pestle in a Brendler homogenizer to give ~30% wt/vol homogenate.
Golgi fractions were isolated by a modification (12) of the procedure of Ehrenreich et al. (7) omitting in all cases ethanol administration to the animals.
Three Golgi fractions were obtained: GF~+2, GF~t, and GFa. GF~+2 was defined as the material that floated to the 0.25 M/0.86 M sucrose interface. As previously documented (12) , this fraction contains predominantly vesicles filled with lipoprotein particles; Golgi cistemae are present as a minority component. GF~ was collected at the 0.86 M/1.15 M sucrose interface. This fraction contained predominantly cisternal elements, in agreement with findings already published (7) . GF~ fraction elements partitioned into 0.86 M sucrose and consisted of cisternae in roughly the same number as vesicular structures.
SUBFRACTIONATION OF THE GOLGI FRACTION
A total Golgi fraction, consisting of pooled GFj+2, GF~, and GF3, was subjected to alkaline treatment, as in (12) , followed by centrifugation to separate Golgi content and Golgi membrane subfractions.
GEL ELECTROPHORESIS
SDS PAGE was carried out as described (12) , except that a linear 5-15% polyacrylamide gradient and a 1.5-mm-thick slab gel apparatus were used. Electrophoresis was carried out at room temperature at a constant current of 35 mA for ~9 h. Samples of serum, bile, and liver subcellular fractions were prepared for electrophoresis as in (12) , except that bile samples (200 ~1) were treated with 2 ml of ice-cold acetone to precipitate proteins; the latter were resuspended in electrophoresis buffer prior to boiling. Gels were processed for fluorography with EN3HANCE (New England Nuclear).
RADIOIODINATION
Peptides to be radioiodinated (10-50 ag) were mixed with carrier-free Natal (2 mCi), and 0.5 M sodium phosphate buffer, pH 7.2, in a final volume of 100 ul. The mixtures were transferred into tubes plated with Iodo-gen (Pierce Chemical Co., Rockford, IL) and the reaction was allowed to proceed for l0 min on ice. Free Na~251 was separated from labeled peptides by desalting on Sephadex G-25 medium (Pharmacia Fine Chemicals Div., Pharmacia Inc., Piscataway, N J) columns. Rat albumin was labeled to a specific radioactivity of 0.30 mM ~251/mM albumin (1.2 x l0 ~° cpm/mg), while rat bile proteins contained 7.06 x l0 ~ mM ~2sI/200 #g protein (1.47 x l0 s cpm/mg).
IMMUNE PRECIPITATION
Samples were made 2% in SDS, boiled 2 min, and made up to a final concentration of 2% Triton X-100, 150 mM NaCI, 2 mM EDTA, 30 mM Tris-HC1, pH 7.6 (immunoprecipitation buffer). To each sample 50 #1 of sheep antirat IgA serum (alpha chain specific) (Cappel Laboratories, Inc., Cochranville, PA) was added, and antigen-antibody complexes were allowed to form overnight at 4"C. Immune complexes were adsorbed on protein A-Sepharose (Pharmacia Fine Chemicals) as follows: to each sample, 60 #1 of a solution consisting of 50% beads/50% immunoprecipitation buffer was added, and the mixture was incubated for 1 h at room temperature. The beads were sedimented, washed three times with immunoprecipitation buffer, two times with the same buffer without Triton X-100, and processed for SDS PAGE as described above.
ANALYTICAL PROCEDURES
RADIOACTIVITY DETERMINATION: An equal volume (1 ml) of icecold 1% phosphotungstic acid (PTA) in 0.5 M HCI was added to each sample of interest? The precipitate was washed three times by resuspension in the same PTA solution followed by low speed centrifugation and the final pellet was resuspended in 0.5 ml of 1% SDS. After addition of Liquiscint (National Diagnostics, Inc., Somerville, NJ), the samples were counted in a Beckman LS-250 liquid scintillation system (Beckman Instruments, Palo Alto, CA).
LIPID EXTRACTION: Lipids were extracted from ceU fractions according to Salto and Hakamori (34) , first with 20 vol of chloroform/methanol (2:1), and then with 20 vol of chloroform/methanol (1:2). The organic phases were pooled, dried under N2, and the residue was redissolved in chloroform. Chloroform solution samples were counted upon addition of Liquiscint.
PROTEIN ASSAY:
Protein was estimated using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Richmond, CA), with BSA as the standard.
RESULTS
Clearance of [3H]Fucose Radioactivity from the Blood Plasma
Since the interpretation of our kinetic data depends critically on pulse-chase conditions, and all our experiments were carried out on intact animals, we had to determine beforehand the rate at which radioactivity is cleared from the blood plasma 3 after an intravenous [3H]fucose injection (0.5 mCi, 0.01 /~moi). The data obtained (Fig. 1 A) indicated that ~90% of the label was removed from circulation within 3 rain postinjection (p.i.); only 5% was still present at ~ 10 min; and none was detected past 20 min. These values refer to acid-soluble radioactivity, presumably free [3H]fucose, and were the same for either 0.5 or 1.0 mCi of radioactivity initially administered. Clearance was slightly delayed when the dose was raised to 1.5 mCi [3H]fucose, a concentration used in some experiments (see figure legends) in which high levels of labeling were necessary.
[3H]fucose is, therefore, cleared rapidly enough from the blood to give acceptable pulse-chase conditions, and to make possible (within the time limits indicated) kinetic studies on living, intact animals.
[3H]Fucose Incorporation in the Liver
The kinetics of 3H-radioactivity uptake by the liver was investigated by measuring PTA-precipitable counts (expected to represent [3H]fucose incorporated into glycoconjugates, primarily glycoproteins) in whole liver homogenates. The results showed (Fig. 1 B) that [3H]fucose incorporation reaches a relatively sharp peak at ~10 min p.i., which is followed by a rapid decline to half-peak values over the next 15 min. They also gave an indication of the relatively small fraction of the initial blood plasma radioactivity incorporated into hepatic glycoconjugates: 0.7, 3.2, 1.6, and 1.3% per gram liver at 3, 10, 20, and 60 min p.i., respectively.
Kinetics of Secretion of [3H]Glycoconjugates into the Blood Plasma
Samples of plasma collected during the clearance experiments were processed (by PTA precipitation) to separate free radioactivity from radioactivity already incorporated into glycoconjugates. The results, given in Fig. 1 A, showed negligible amounts of radioactivity (probably due to contamination by free [3H]fucose) in samples collected before l0 rain. Past 10 min, there was a rapid increase in PTA-insoluble radioactivity, and by 30 min a plateau was reached that continued up to 1 l0 min. An examination of Fig. 1 shows that the peaks of the three curves followed each other in the sequence: soluble 3H-radioactivity (free [3H]fucose) in the plasma at <1 min p.i., 3H-glycoconjugates in the liver at ~ l0 min p.i., and 3H-glycoconjugates in the plasma at ~30 min p.i., and shows that the loss of label from the liver, which apparently started at ~ l0 min p.i., was concomitant with the accumulation of 3H-glycoconjugates in the plasma. These findings are in general agreement with published data (1, 25, 28) that have established, using other metabolic precursors, that most plasma proteins are produced by the liver. Since relevant data on hepatic fucosylated glycoproteins are still limited, we decided to analyze, by SDS PAGE followed by fluorography, the kinetics of appearance of 3H-glycoconjugates in the blood plasma and to compare them with similar kinetics obtained for all serum proteins by using [35S]cysteine as a precursor.
Survey and Kinetics of Secretion of 3H-and 35S-labeled Proteins into the Plasma
Plasma samples, processed as given under Materials and Methods, contained fucosylated proteins, all of which were radiolabeled and detectable past ---20 min (major band) or ~25 min (minor bands) p.i. (Fig. 2 A) . Maximum labeling was obtained by 30-40 rain p.i. and remained at about the same level until the end of the experiments. When [~sS]-cysteine was used as a precursor (Fig. 2 B) , labeled proteins were detected in the plasma past ~25 min p.i., reached a maximum at ~50 min p.i., and then plateaued. The 10-min lag between the plateau of 3H-glycoconjugates (~40 min) and the plateau of 35S-proteins (~50 min) in plasma represents the minimum time required for the synthesis of secretory polypeptides and for their intracellular transport from the endoplasmic reticulum to the Golgi subcompartment in which fucosylation takes place, plus the time required for terminal glycosylation.
Appearance of [3H]Fucose Radioactivity in Bile
Since bile contains both plasma-derived and cell-derived proteins, we decided to examine the kinetics of secretion of 3H-labeled proteins into bile. To this end, we processed sequentially collected bile samples and examined them for their content of PTA-soluble and PTA-insoluble radioactivity. The results are given in Fig. 3 .
PTA-soluble radioactivity, presumably free [3H]fucose, peaked at ~ 10 min p.i., then decreased progressively at a rather irregular rate until the end of the experiment (3 h p.i.) without ever reaching the baseline. At early time points, [3H]fucose was expected to come directly or indirectly from the blood plasma, hut at later time points its source remained unknown. It could not be the plasma, since no free label was detected therein past 60 min p.i., and it was unlikely to be a free [3H]fucose pool in hepatocytes. The late acid-soluble radioactivity might be derived from newly synthesized 3H-glycoconjugates degraded in hepatocytes by lysosomes or in the bile by discharged lysosomal hydrolases.
Incorporated (PTA-insoluble) radioactivity began to appear in the bile past 20 min p.i., increased rapidly up to ~50 min p.i., remained at a high plateau for the next 30 min, and then decreased gradually during the rest of the experiment.
A comparison of Figs. 1 and 3 showed that ~ l0 min elapsed between the appearance of 3H-glycoconjugates in the plasma and the emergence of labeled proteins in the bile. The difference increased to ~20 min when peak values or half maximal values were considered.
Survey of 3H-and 3SS-labeled Biliary Proteins
As for the plasma, the inquiry was extended to bile proteins resolvable by SDS PAGE. Bile samples, collected sequentially after [aH]fucose administration and analyzed by SDS PAGE followed by fluorography, contained a relatively large number of 3H-fucosylated glycoconjugates (Fig. 4 A) . Three major species of 80,000, 70,000, and 40,000 daltons, respectively, were present in addition to ~8 minor components. The major components became detectable by fluorography at "--25 min p.i. and reached peak labeling at ~80 rain p.i. The 80,000-dalton species was identified as the major form of the proteolytically processed SC, since it could be precipitated by an anti-rat IgA serum raised in goats (Fig. 5) . Published data (17) indicate that a substantial fraction of the biliary SC is still complexed to (IgA)2. The identification of the 80,000-dalton band as SC is in agreement with data published for SC in rabbit milk and bile (l 5).
A similar survey carded out after pS]cysteine administration revealed additional, nonfucosylated bile proteins (Fig.  4 B) , among which albumin was identified by immuneoverlays at the expected electrophoretic mobility (data not shown Ib do ab go ~o ~ "/o ~0 ~o ibo ~;o i~o i~o ~;,ol~o i~o ~ i~0 tirr~ (minutes) post injection FIGURE 3 Kinetics of appearance of free and incorporated label in bile. Bile was sampled serially (as described in Materials and Methods) after an intravenous injection of 1.5 mCJ [3H]fucose. Total radioactivity and PTA-precipitable radioactivity were determined in each sample; the data were used to calculate the PTA-nonprecipitable radioadJvity. Parallel determinations for plasma samples showed that at this [3H]fucose input PTA-soluble 3H-radioactivity was completely cleared from the plasma at 60 rain p.i.
to final appearance in the bile, the values mentioned above indicate that the series of modifying and transporting operations that lead to final discharge into bile require about 25 more minutes for SC than for albumin. Biliary albumin is presumably transported across the cells from the plasma, and a comparison of Figs. 2 and 4 indicates that this operation takes <10 min. Direct evidence for the plasma origin of biliary albumin and for the time needed for its transcellular movement was obtained by injecting 1251_ albumin intravenously and following the kinetics of subse- quent radioactivity appearance in bile (Fig. 6 A) . To test whether ~25I-albumin was degraded in transport, the proteins of each bile sample were resolved by SDS PAGE and analyzed by autoradiography (Fig. 6 B) . The data obtained indicated that nondegraded tracer albumin was already detected in bile at ~2 min p.i. and reached a max/2 value at ,~7 min p.i.
A 
Summary of Kinetic Data
The kinetic data so far obtained define the following minimal times: (a) <25 min for albumin synthesis, translocation, intracellular transport, posttranslational modifications, and discharge into the plasma ( Fig. 2 B) ; this value is in agreement with data already published (25, 28) ; (b) <5 min for the transcellular transport of albumin from the blood plasma into the bile; hence, ~30 min for the overall transport operation (Fig. 2 B compared with Fig. 4 B and Fig. 6 ); (c) 15-20 min for moving newly synthesized secretory proteins from their sites of fucosylation to the plasma (Figs. 1 and 2 A) ; (d) ~35-40 min for moving SC from its site of synthesis to its site of discharge into the bile (Fig. 4 B) ; and (e) 25 min for moving SC from its site of fucosylation to the bile (Fig. 4 A) .
Still missing from a general kinetic outline of the processes in which we are interested are kinetic data on membrane protein synthesis, glycosylation, and intracellular transport in hepatocytes. Also missing is the identification of the intracellular compartments involved in these various operations, and especially the identification of the compartment(s) in which SC is delayed by reference to albumin.
Presence of 3H-labeled Plasma Proteins in Hepatic Golgi Fractions
To obtain part of the relevant data, we followed the kinetics of transport of fucosylated proteins through subeellular fractions. The initial experiments were restricted to Golgi fractions for the following reasons: (a) secretory products are Golgi fractions were isolated from rats sacrificed at 3 and 10 rain after an intravenous injection of 0.5 mCi [3H]fucose. Galactosyltransferase activity was assayed by a modification of the method described by Fleischer (9), including 2 mM ATP and 2 mglml asialo-agalacto-fetuin (14) as acceptor; activity was determined by counting precipitable label. The table gives percent distribution of total 3H-radioactivity recovered from the gradient. 3H-radioactivity recovery in the Golgi fractions was ~50% of the corresponding value for total microsomes, and ~30% of the whole bomogenate value.
known to accumulate in Golgi cisternae (primarily dilated rims) and Golgi vacuoles before discharge (1, 28); (b) fucosylation of secretory and membrane proteins appears to occur exclusively in Golgi elements (11, 29, 37); (c) nearly homogeneous Golgi fractions can be isolated from liver homogenates by current procedures; and (d) such fractions can be efficiently resolved into content and membrane subfractions (12).
A partial characterization of the Golgi fractions used in our experiments in terms of the distribution of galactosyltransferase activity and incorporated [3H]fucose radioactivity is given in Table I In the first series of experiments, a Golgi fraction (GF,+2) was isolated (as given in Materials and Methods) 30 min after an intravenous injection of [3H]fucose and used to prepare a total content subfraction. The proteins of the latter were analyzed by SDS PAGE, and the ensuing fluorograph was compared with the fluorograph of a blood plasma sample collected at 60 min p.i. Fig. 7 shows that practically all fucosylated plasma proteins are represented in comparable, relative concentrations in the Golgi content subfraction. Since the isolation procedure used takes advantage of the unusually low density of hepatic Golgi elements (caused by secretory lipoprotein accumulation) and discriminates against Golgi elements derived from the minority cell populations of the liver, this finding established that the fucosylated proteins of the blood plasma were hepatic products.
Transport Kinetics of 3H-CIycoconjugates in Golgi Fractions
In the following experiments, distinct Oolgi fractions, i.e., GF~+2, GF~,, and GF3 were isolated from liver homogenates at selected p.i. times and each fraction was assayed for 3H-radioactivity. The results, normalized per gram liver, are presented in Fig. 8 . All fractions reached a labeling peak (of slightly different heights) at ~ 10 min p.i., and then began to lose their label. All three fractions exhibited similar kinetic patterns, but differed in the rates of label clearance; 3H-radioactivity was cleared rapidly from GF3 and more slowly from GF~, and GF~÷2, the latter being the fraction with the slowest clearance. By 60 min p.i., however, the label in all Golgi fractions was close to base level. The kinetic data in Fig. 8 suggest that [3H]fucose was rapidly incorporated in some common elements of the Golgi fractions, most probably Golgi cisternae, and transported promptly and efficiently to elements in GF~ and especially GF~+2 where it accumulated transiently before release; these elements were probably Golgi vacuoles of the type that predominate in GF~, and GF~÷2. The curves in Fig. 8 were comparable to the curve in proteins or proteins within transcellular, vesicular carriers present in the whole homogenate.
3H-labeling Kinetics of Colgi Membrane and Content Subtractions
To assess the kinetics of membrane labeling in Golgi elements, Golgi fractions (GFz+2, GF~, GF3) were isolated from liver homogenates prepared at selected times post-[3H]fucose administration (see Fig. 9 ), pooled, and resolved into a membrane and a content subtraction, as given under Materials and Methods. 3H-radioactivity was determined in each subfraction and the results (normalized per gram liver) are presented in Fig. 9 . About 95% of the label, assumed to represent fucosylated secretory proteins, separated with the content subfraction at 3 and 10 min p.i. Past 10 min p.i., total 3H-radioactivity in the pooled Golgi fractions decreased rapidly (rate of clearance: 2.6% min -z) down to V7 peak value by 60 min p.i.; however, >80% of the label remained associated with the content subfractions even at 30 and 60 min p.i. 3H-radioactivity in membrane subfractions amounted to a relatively small fraction of the total. It increased rapidly from 3 to 10 rain p.i., remained at the same level at 30 min p.i., and decreased (rate of clearance: 1.9 percent min -~) to slightly less than half maximal value by 60 min p.i. The clearance curve for membrane proteins was, therefore, different from its counterpart for secretory proteins and the egress of fucosylated membrane proteins from Golgi elements appeared signifi- FIGURE 9 Distribution of incorporated [3H]fucose between Golgi content and membrane subtractions. Golgi fractions were isolated from rats sacrificed at various times after 0.5 mCi [3H]fucose administration. Pooled Golgi fractions (GF;+2, GFbe,, and GF3) were separated into content and membrane subtractions (as described in Materials and Methods). The graph shows amounts and percent distribution of PTA-precipitable 3H-radioactivity normalized per gram liver.
cantly delayed: half maximal values (on the descending slopes) were reached at ~45 rain p.i. for fucosylated membrane proteins and at --,28 min p.i., for their secretory counterparts. Since the membrane subfraction accounted for a small percentage of the total Golgi fraction label, and since complete removal of secretory proteins from membranes is known to be difficult (4), we assessed the efficiency of the subfractionation procedure by comparing fluorographs of the content subfractions with fluorographs of the membrane subfractions obtained at different steps in our membrane "cleaning" procedure. The results, presented in Fig. 10 , show that after the final step (i.e., gradient centrifugation after carbonate and high salt treatment), most of the content bands originally present in the membrane preparation were removed, and that a number of membrane-specific bands could be recognized. The data indicate that fucosylated glycoproteins are present in Golgi membranes, although these membranes are still detectably contaminated by secretory glycoproteins. It follows that the distribution figures given in Fig. 9 for membraneassociated radioactivity are maximal values, and that the difference in clearing kinetics between secretory and membrane proteins may be greater than indicated above.
Since fucose is present in both glycoproteins and glycolip- ids, Golgi subfractions prepared at 45 min p.i. from pooled Golgi fractions were extracted as in reference 34 and the partition of 3H-radioactivity between lipids and proteins was determined. The data in Table II indicate that only a small fraction of radioactivity (2% for content and 11% for membranes) could be ascribed to glycolipids. Therefore, our data concern essentially Golgi glycoproteins. For reasons mentioned in the introduction, SC should be present among the fucosylated glycoproteins in the Golgi membrane subfraction. Antibodies raised in rabbits against rat bile 80,000-dalton SC (manuscript in preparation) were used to separate by specific immunoprecipitation SC from other bile or Golgi membrane proteins. As shown in Fig. 11 , a fucosylated band of "--80,000 dalton (corresponding to the original antigen) was immunoprecipitated from bile. Two peptides of 116,000 and 94,000 dalton were immunoprecipitated from a Golgi membrane subfraction. Their relation to SC will be analyzed in a subsequent paper.
DISCUSSION
Some of the secretory proteins produced by hepatocytes, e.g., albumin, appear first in the blood plasma and then in the bile, as a result of two distinct transport operations. The first is carried out along the well studied "secretory pathway" and brings secretory proteins from their site of synthesis to the blood plasma through a series of intracellular compartments (rough endoplasmic reticulum-smooth endoplasmic reticulum-Golgi complex-secretion vacuoles-plasmalemma) (24) . Given the information now available, this pathway could be defined as the intracellular rough endoplasmic reticulumplasmalemma (RER-PL) route (Fig. 12) . The second transport operation moves soluble plasma proteins (some of them hepatocytic products) from the plasma to the bile along a transcellular pathway using vesicular carders of a still unspecified nature. ~ Integral membrane proteins for the sinusoidal domain of the plasmalemma are also moved along the secretory pathway, but their transport may involve different post-Golgi carders and different kinetics (36) . Integral membrane proteins for the biliary aspect of the plasmalemma may come directly from the Golgi complex or, perhaps indirectly, from the sinusoidal domain of the plasmalemma via the transcellular pathway (18, 27) .
SC belongs to a special class of "convertible proteins"; it starts its existence as an integral membrane protein and persists as such at least up to its insertion into the sinusoidal plasmalemma, where it functions as receptor for (IgA)2. With or without its ligand, it is subsequently moved from the sinusoidai to the biliary aspect of the plasmalemma and appears in the bile as a soluble protein. Somewhere along the transcellular pathway, it is physiologically converted (by controlled proteolysis) from an integral membrane protein into a soluble, biliary secretory protein (8, 17) . Our experiments have provided kinetic data on the movement of secretory as well as membrane proteins along both hepatocytic pathways.
Intracellular Pathway (the Rough Endoplasmic Reticulum-Plasmalemma Route)
SECRETORY PROTEINS: Our data refer to the transport kinetics of cohorts of mixed secretory proteins from their site of synthesis to their site of discharge into the blood plasma. In agreement with data already published (1) and as indicated in Fig. 2 B, the minimal time needed for this operation is 20-25 min. Glycoproteins, studied again as a mixed cohort, require a minimum time of 10 min for transport from their site of fucosylation to their discharge into the blood plasma, with discharge continuing for ~20 min (Fig. 13) . At the time resolution attained in our experiments, it appears that the fucosylated cohort requires a longer time (~ 10 min longer) than its nonfucosylated counterpart for intracellular transport and processing. Within the times mentioned, we can fit a Golgi phase (defined only by fucosylation) that starts before 10 min p.i. and ends by ~30 min p.i., overlapping in part with discharge. At present, we do not know whether the individual components of these cohorts are synchronously or asynchronously processed.
MEMBRANE PROTEINS: Our evidence shows clearly that there are fucosylated glycoproteins in Golgi membrane subfractions, that they are rapidly labeled, and that their egress from Golgi fractions--and, by extrapolation, from Golgi complexes in the intact cell--is significantly delayed by comparison with the egress of fucosylated secretory proteins. The lag amounts to ~ 15 min when half clearance values are considered (Figs. 9 and 13 ). The secretory component for (IgA)2 is one of the proteins in the cohort of mixed fucosylated membrane proteins we have studied; it has been detected as two immunoreactive bands in Golgi membrane subfractions (Fig.  11 ) , and it will be further characterized in a subsequent paper.
Although the intracellular pathway appears to be reasonably well understood in general outline, many of its details are still poorly defined. For instance, our data refer to fucosylation occurring in the Golgi complex, possibly in Golgi cisternae. But, like galactosyltransferase (and associated enzymes) (32), fucosyltransferase may be restricted in its location to a specific cisterna. Golgi fractions of the type now available cannot provide evidence at this level of resolution. Equally uncertain is the nature of the vesicular carder that moves fucosylated membrane proteins from the Golgi complex to the plasmalemma. In other cell types, recent studies suggest that this carder may be different from that transporting secretory proteins (10, 36) .
Transcellular Pathway
Published data concerning this pathway in hepatocytes are considerably more limited and fragmentary. The relevant carder has been identified (by autoradiography [30] and fractionation [22] ) as a small, smooth surfaced vesicle of undefined chemistry. Intermediary stations (if any) between the two termini remain unknown but might include endosomal 
